The large work function of MoO 3 of 6.6eV is due to its closed shall character and the dipole layer created by planes of terminal O 1 oxygen sites which lower the electrostatic potential of the inner Mo-O units. These O 1 sites arise from the high stoichiometry of MoO 3 . The O vacancy is most stable at the 2-fold O 2 site. It is a shallow donor and has a small formation energy in the O poor limit, so that MoO 3 easily becomes a degenerate semiconductor.
The work functions of elemental metals range from 2.14 eV for Cs to 5.65 eV for Pt [1] . The possibility that metallic conductors could have work functions 1 eV larger than Pt is extremely valuable. The most well known of these is MoO 3 [2] [3] [4] [5] [6] [7] [8] and others are WO 3 , CrO 3 and V 2 O 5 [8] . These materials are transparent, wide-gap semiconductors that can be degenerately doped by defects. MoO 3 is a layered oxide also used as a dehydrogenation catalyst, Li battery electrode, supercapacitor electrode and electrochromic material [3] [4] [5] . Due to its high work function, MoO 3 is now being intensively studied as a transparent anode and hole transport layer for organic light emitting diodes (OLEDs) and organic photovoltaics (OPVs) [6] [7] [8] [9] [10] [11] [12] , and as an anode or hole transfer dopant for graphene and MoS 2 devices [10] [11] [12] [13] [14] [15] . Given its high work function, band gap and defect induced conductivity, it is important to understand how these properties arise. There are several previous calculations of its electronic structure and surface defects, largely motivated by its catalytic properties [17] [18] [19] [20] [21] [22] , but there has so far been no account of the origin of the unusually large work function or its conduction properties. The oxides are all closed shell oxides from the middle of the transition metal series. We show that the high work function arises from its closed shell properties plus a dipole layer on surface of each layer, as a structural consequence of the high stoichiometry. The high conductivity arises because the O vacancy is shallow and has low formation energy in O-poor limit. This sets the Fermi energy E F at the conduction band edge.
MoO 3 has two phases in ambient conditions, the β phase as in monoclinic ReO 3 and WO 3 (space group P2 1 /n), and the thermally stable, orthorhombic α phase with space group Pbmn [23] [24] , as used here. The α phase has a layer structure (Fig 1) . Each layer consists of a bilayer of Mo atoms, separated by 3-fold O 3 sites in the z direction, 2-fold O 2 sites in the x direction, and terminated by 1-fold O 1 sites on each layer surface. This gives a distorted octahedral site for the Mo atoms. The terminal O 1 sites are inter-digitated between adjacent layers. Fig 1(c) shows a single slice labeling the different O sites.
Here, in order to understand the origin of the large work function and conductive properties, we calculate the bulk electronic structure, electron affinity, and the energy levels and formation energies of the O vacancies. The calculations are carried out in the generalized gradient approximation (GGA) using the CASTEP density functional code, with normconserving pseudopotentials for Mo and O generated by the OPIUM method. A plane-wave cutoff energy of 780 eV is used, which converges total energy differences to under 1 meV/atom. Brillouin zone integrations use a Monkhorst-Pack k-point sampling grid which converges the energies of the bulk unit cell to similar accuracy. Geometry optimizations are converged when forces are below 0.02 eV/ Å. The local density functionals are well known to under-estimate the band gap of semiconductors, which affects predictions of defect levels. We therefore also use the screened exchange (sX) hybrid functional to correct this error [25, 26] .
Local density functionals also do not describe well the van der Waals (vdW) bonding between layers. Our calculations confirm this for MoO 3 . Thus, we included vdW interactions empirically in CASTEP using the DFT-D2 method [27] . The experimental lattice constants of 2.964Å, 3.699 Å, and 12.836 Å are used in the calculations. Fig. 2 shows the calculated band structure and density of states of α-MoO 3 . The calculated band gap is 3.04 eV in sX, close to the experimental value of 3.0-3.3eV [2] . The sX band gap is 1.0 eV larger than the GGA value. The band structure shows that MoO 3 has an indirect band gap. The conduction band minimum (CBM) is along the XS direction while the valence band maximum is at T. The conduction band dispersions differ slightly from the GGA results of Scanlon [22] , who found the CBM to lie at Γ. The difference arises because they used the GGA relaxed lattice parameters, whereas we used the experimental ones. It does not arise from the different functional. The partial DOS in Fig 2(b) shows that CBM consists of Mo d orbitals while the VBM consists of O p orbitals. This is because MoO 3 is a standard closed shell d 0 system. The Mo-O bonds are polar, resulting in a large band gap. We now discuss the large work function of MoO 3 . We can evaluate the work function by calculating the electrostatic potential for a supercell of two layers of MoO 3 and 10Å of vacuum. The supercell is extended along the layers, so as to include an O vacancy. The vacancy levels are shallow (see later), which sets the Fermi energy just below the CBM. This allows us to use GGA to calculate the electron affinity without worrying about the band gap under-estimate in GGA. This is helpful because the electrostatic potential is much better defined in GGA than for a hybrid functional. The vacuum level is defined by the flat potential outside the MoO 3 layers. The electrostatic potential is shown in Fig 3(a) . E F is calculated to lie at 6.25 eV below the vacuum level. This is in reasonable agreement with the experimental value of 6.7 eV [2] . The calculated CBM therefore lies at ~6.2 eV below the vacuum level. A reference calculation is carried out for the relaxed (110)1x1 non-polar surface [28] of rutile TiO 2 . Mo is +6 while Ti is +4. The edges of the Mo-O layers in MoO 3 are terminated by non-bridging O 1 sites, whereas the TiO 2 slab is terminated by bridging, 2-fold coordinated O 2 sites.
The large work function arises as follows. MoO 3 is a closed shell system, so that the valence band maximum (VBM) consists of O 2p states, which lie ~9.8 eV deep below the vacuum level. The CBM then lies at ~3.1 eV above the VBM. But the VBM in other closed shell systems like TiO 2 , SnO 2 , or ZnO with 3 eV band gaps is also O 2p-like, but the work function of MoO 3 is 1.5 -2.0 eV larger than for these oxides [8] . The larger work function arises from two factors in the case of MoO 3 . First, the MoO 3 layers have terminal O 1 sites lying on the outside of the layers. The layers are overall neutral, despite being terminated by an anion. They are a type-2 surface in the classification of Tasker [29] . This O-Mo arrangement on the external layer creates an additional dipole layer which lowers the potential inside the layer (determining CBM) to be deeper than in TiO 2 . This is seen in the electrostatic potentials plots of Fig 3(a,b) . The potential is averaged into the plane. The potential shows a number of dips at the center of each Mo, O or Ti atom column. Using the atomic structures overlayed on the potential plot, we can see the minima near the O atoms in the MoO 3 or TiO 2 bulk. This potential has a horizontal reference line through it. We then see that the potential on the surface O 2 sites of TiO 2 is 1.09 eV higher, as indicated, because they are on the surface.
On the other hand, for the two MoO 3 layers, we find the potential of the two O 1 sites between the two layers; this is also marked by a horizontal reference line. We compare this to the potential at the external O 1 site, and see that this lies 6.29 eV above the reference potential. In the case of MoO 3 , the terminal O 1 sites are creating a very large dipole layer to the MoO 2 planes. The dipoles oppose each other in the center, where the O 1 sites inter-digitate. The dipole layer is poorly screened in the case of MoO 3 , so the resulting potential step is large. In the case of TiO 2 (110)1x1, the dipole potential step is smaller, because it is O 2 sites, and the screening is higher, so the potential step is smaller.
Thus, the dipole layer due to the terminal O 1 sites is critical to the large work function. O 1 sites are a structural consequence of the large x3 stoichiometry of Mo to O. The other high work function oxides CrO 3 and V 2 O 5 have different structures, but also have the terminal O 1 sites because of the high stoichiometry (as well as the closed shell nature).
The difference between 6.29 eV and 1.09 eV exaggerates the difference in dipole potentials. This is partly due to the atomic pseudopotentials used. Our accurate calculations on MoO 3 for figs 1-2 used a pseudopotential that includes the Mo 4s,4p states in the valence shell, but this would have resulted in a potential diagram with very large fluctuations, distracting from the message. Instead, we used a less accurate pseudopotential in which the Mo 4s,4p states are in the core shell, and only Mo 4d and 5s are valence.
We now consider the high conductivity of MoO 3 and its oxygen vacancy. There are three different O sites in a-MoO 3 , having one, two, and three Mo neighbors respectively. We have created an oxygen vacancy at each site and relaxed the structure. The results are shown in Figure  1(d) . After relaxation, the 2-fold O 2 vacancy is found to be the most stable, with the same structure in each charge state. Its formation energy is 3.98eV in the neutral state in O-rich conditions in sX. The relaxation of atoms around the vacancy is confined to its own layer; there is no rebonding between layers or other reconstructions. The atoms adjacent to the vacancy do not shift far from their original positions. On the other hand, an O 3 or O 1 vacancy will spontaneously transform into an O 2 vacancy. The energy order is the same as in Ref [19] .
The charge transition state for the O vacancy is plotted in Fig. 5 . The defect formation energy is calculated in the usual way [36], using a 144 atom 3x2x3 unit supercell. The supercell size is fixed at that of the defect-free cell. The internal geometry is further relaxed within sX, using a single special k-point of (1/ The defect formation energy is calculated to be 3.98 eV for the neutral state in O-rich condition, Fig 4(a) . The 0/2+ transition lies in the band gap, about 0.3 eV below the conduction band minimum (CBM). This shows that the defect is shallow, which explains the n-type conduction of MoO 3 . The 0/2+ transition has a negative-U character. In O-poor condition, the formation energy is lowered by 1.74 eV, fig 4(a) . The vacancy formation energy is now 2.16 eV when E F is at the CBM. The -2 and -1 state touches the 0 line at the CBM, indicating a localized state at the CBM.
The gap state of the 2-fold vacancy is shown in Fig. 4(b) . The state is confined to the layer of the vacancy and consists of Mo d xz orbitals of the Mo layer next to the O vacancy. The PDOS for the neutral defect is shown in Fig. 6(b) . The defect state is 0.3 eV below the CBM. If we compare the defect Mo PDOS and that of the perfect cell, it is clear that a defect state is shifted down from the Mo d states.
The second factor is that the O vacancy is deep in ZnO and SnO 2 , but is a shallow donor in MoO 3 . Thus the intrinsic defects of MoO 3 make it a n-type semiconductor, and partially reduced MoO 3-x is a degenerate n-type semiconductor. Its large work function means that it transfers holes into any adjacent layer of lower work function (like graphene or MoS 2 ), despite being n-type by itself. This is the basis of present extensive use of MoO 3 and related M 6+ oxides as hole dopants in 2-dimensional electronics [2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
In conclusion, MoO 3 is a high electron affinity oxide because of its closed shell character and the dipoles created by its internal layer structure. It can have metallic conductivity because the O vacancy is shallow and is easily formed by partial reduction of MoO 3 .
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